The internet is increasingly being used to conduct randomized controlled trials (RCTs). Knowledge of the types of interventions evaluated and the methodological quality of these trials could inform decisions about whether to conduct future trials using conventional methods, fully online or a mixture of the two. Objective To identify and describe the scope of internet-based RCTs for human health condition interventions and evaluate their methodological quality. Methods A systematic review of RCTs of any health intervention conducted fully or primarily on the internet was carried out. Results 23 fully and 27 primarily internet-based RCTs were identified. The first was conducted in 2000. The majority of trials evaluated interventions that involved providing health information to participants, but a few evaluated self-administered interventions (eg, valerian, stretching). Methodological quality was variable and the methods were generally poorly reported. The risk of bias was low in only a small number of trials; most had substantial methodological shortcomings. Only one trial was identified as meeting all criteria for adequate methodological quality. A particular problem was high rates of loss to follow-up (fully online: mean 47%; primarily online: mean 36%). Conclusions It is theoretically possible but perhaps difficult to test the effectiveness of health interventions rigorously with RCTs conducted fully or primarily over the internet. The use of the internet to conduct trials is more suited to pragmatic rather than explanatory trials. The main limitation of these trials is that they typically experience high rates of loss to follow-up. Methodological standards now accepted for traditional RCTs needs to be evident for online RCTs as well, especially in reporting of their methods.
INTRODUCTION
Randomized controlled trials (RCTs) have become the gold standard for evaluating the effectiveness of health interventions. 1 2 Hundreds of thousands of trials have been conducted in the last few decades. 3 In conventional RCTs, participants are recruited in person, often from clinical facilities. Once participants have consented to participate in the trial, they are allocated to one of the trial arms, often by telephoning a central facility or with the use of sealed envelopes. Outcome data are collected by an investigator, usually with paper-based case record forms. These data are later entered into a computer database.
With the rise in availability and reliability of the internet, some or all of these steps can now be conducted over the internet. In particular, it is possible to recruit participants, allocate interventions, measure outcomes and enter data using the internet. Several trials have combined internet-based trial methods with traditional trial methods. 4 5 Others have abandoned traditional trial methods altogether and conducted trials fully online. [6] [7] [8] In a wholly internet-based randomized trial, the investigators never meet participants-neither the application of the intervention nor the assessment of the outcomes requires face-to-face interaction between the subjects and the investigators. There are potential advantages and disadvantages of conducting part or all of a randomized trial over the internet. The internet potentially provides researchers with the ability to reach potential participants who would otherwise be unreachable, to access nonclinical populations and to reduce research costs. As noted by Murray et al, 9 the advantages of conducting an online trial include the potential to improve the trial's external validity when an online intervention is being evaluated, and users have the ability to self-refer without having to participate via a health professional; the randomization process has the potential to be more secure, with allocation being concealed. Despite these advantages, Murray et al note that online recruitment could result in unrepresentative samples and multiple registrations and increases the difficulty of verifying identity. There is also the potential loss of power in the study if participants assigned to the intervention do not receive or fail to complete the intervention, resulting in the true effect of the intervention being underestimated. Loss to follow-up is of particular concern in online trials, with Murray et al noting 3 month follow-up rates of 15% and 11% in two online trials. Data quality is another potential area of concern, as many of the standard patientcompleted outcome measures have been designed for paper-based completion and a change in the mode of delivery may change the psychometric properties. Other problems include the potential for deception. Participants could be deceived into participating in research that is not being conducted by legitimate research institutes. Likewise, researchers could be deceived by participants who are not who they claim to be, or who provide dishonest or misleading data.
To our knowledge, there have not been any reviews of published reports of internet-based randomized trials. It is important to know how many internet-based trials have been conducted, the sorts of interventions they investigate, and the methods used in these trials and whether these trials are particularly prone to certain sources of bias. This could inform decisions about whether to conduct future trials using conventional methods, fully online or a mixture of the two.
We conducted a systematic review of randomized trials that were conducted fully or primarily online. The aims were to identify and describe the scope of these trials and evaluate their methodological quality.
METHODS

Selection criteria
RCTs testing an intervention for people with or at risk of a health condition were eligible for inclusion if they were conducted either fully or primarily online.
Online status was determined by evaluating whether the trial had the following characteristics:
1.
The study was open to the general public (anybody with access to the internet had the potential to participate in the study, provided he or she met the specific inclusion/ exclusion criteria). 2. Some element of online recruitment was utilized (eg, banner advertisements, internet search engines). 3. Information about the study was available to potential participants online or electronically (on the study webpage or via email from researchers) and not exclusively via a health professional or face-to-face/telephone contact with researchers. 4. Informed consent was obtained online (eg, by clicking 'I consent' on the webpage). 5. Registration to participate and screening to determine eligibility was carried out online. 6. Randomization of participants was completed automatically by the web server. 7. Baseline data were collected online. 8. Outcome data were collected online. 9. Attempts to contact non-responders, if any, were made online or electronically. Trials were classified as fully online if all criteria were met. They were classified as primarily online if all criteria except for any or all of Criteria 4, 6 or 9 were met. All other trials were excluded from the review but were classified as either partially online (at least five criteria were met but the study was not considered to be fully online or primarily online), some online elements (between one and four of the criteria were met) or not online (none of the criteria were met).
Search strategy
We searched the Cochrane Central Register of Controlled Trials (3rd Quarter 2011) to September 28 2011. We used the search strategy defined in the Cochrane Handbook of Systematic Reviews of Interventions, which was developed to identify all RCTs (sensitivity and precision maximizing version 2008 revision), 10 and combined this with a second search produced by exploding the MeSH term 'Internet' and multi-purpose terms 'online', 'web$' or 'www'. (See online supplementary appendix 1 for full search strategy). One reviewer (EM) screened all titles and abstracts identified by the search strategy. Papers were excluded based on title/abstract if it was apparent that any of the inclusion criteria were not met or if there was no indication that the study was conducted online. Full papers of the remaining records were screened (EM). The reference lists of these papers were examined for additional studies.
Data extraction
One reviewer (EM) extracted all data as detailed in online supplementary appendix 2. Other investigators were consulted if there were any areas of concern regarding clarification of the eligibility criteria or study design. If details regarding specific aspects of the study design were omitted from the paper, authors were emailed for clarification.
Risk of bias was assessed using a modified version of the Cochrane Collaboration's risk of bias tool. 11 The full version of this tool covers six domains: selection bias, performance bias, detection bias, attrition bias, reporting bias and other biases. For the purposes of this review, we felt that selection bias (random sequence generation and allocation concealment), performance bias (blinding of participants and personnel), other biases (analysis by intention to treat) and attrition bias (incomplete outcome data) were important in evaluating the risk of bias associated with internet-based trials. Detection bias (the blinding of outcome assessment) was not considered, as outcomes were self-reported in all trials, and bias arising from self-reporting is considered under the heading of performance bias. It is difficult to evaluate the presence of reporting bias (selective reporting of results) because few trials prospectively registered their protocols. We would expect that the prevalence of reporting bias in internet-based trials would be at least as high as in conventional trials. 12 Decisions regarding the risk of bias for included trials were made by all investigators.
RESULTS
The search strategy yielded 1922 unique titles (figure 1) but 1750 were excluded based on their titles or abstracts, leaving 172 full papers to be reviewed. Forty-three papers were excluded as they did not meet inclusion criteria (n=30), or because they did not present trial results (n=13). Twenty-three papers were second or third reports of a single trial, and one paper reported the results of two trials. Online status was therefore evaluated for 107 trials, of which 60 were neither primarily nor fully online. Checks of reference lists identified two more primarily online trials, and one fully online trial was known to the authors, resulting in a total of 23 fully online 6-8 13-32 and 27 primarily online 4 5 33-56 trials.
Fully online trials
The . In all of these trials, the interventions were delivered electronically (via the website or email). The interventions included tailored messages, information/education materials, online counseling, interactive programs, workbooks, search features, a decision aid and stretching programs; details are provided in online supplementary appendix 3. Participants were recruited from more than one country in seven of the trials (see online supplementary appendix 5). The mean age of participants in the trials ranged from 26 years in two trials (interventions to promote safe sex and to increase the uptake of cervical cancer screening) to 77 years (an intervention to prevent falls). The smallest trial randomized 90 participants and the largest randomized 12 434 (median=714). Duration of follow-up ranged from immediate to 13 months. Trials varied in methodological quality (Tables 1; see online supplementary appendix 6). Reports of 16 trials described an adequate process for generation of the allocation sequence. Alternation, a process whereby participants were allocated to treatment groups in an alternate manner in the order in which they accessed the website, was reported in three trials. In standard trials, this method of allocation is not appropriate because the order of recruitment could be related to subject characteristics and because alternation threatens concealment of the allocation sequence. However, in internet-based trials, the order in which participants access the trial website is likely to be random. Consequently, this method of allocation, although not ideal, is likely to achieve the goals of randomization. Allocation concealment was described in reports of only four trials, but given that the allocation was web-based (a feature of all fully online trials), it seems reasonable to assume the allocation sequence was concealed in the remaining 19 trials. Levels of blinding were poorly described. The reports of six trials indicated that an attempt was made to blind participants, and reports of a further three trials noted that participants were not blinded. We assumed that the participants of a further five trials were not blinded, as control group participants were allocated to a waiting list or no intervention. No report of any trial indicated whether an attempt was made to blind researchers. The reports of only three trials described analysis by intention to treat (analysis of participants in the groups which they were allocated to, regardless of whether or not participants completed the intervention as instructed). Loss to follow-up ranged from 0% to 85% (mean 47%). The rate of follow-up was generally insufficient to avoid a significant risk of bias, as only four trials analyzed >85% of randomized participants. The methodological quality of the fully online trials is summarized in table 1 and detailed further in online supplementary appendix 6.
Primarily online trials
The first primarily online trials were published in 2002. It is not stated when these trials were conducted. However, a report of one trial conducted in 2000 was published in 2006 (see online supplementary appendices 3 and 4). The interventions were delivered electronically for 21 trials and by post for three trials. One trial delivered part of the intervention electronically and part by post. Two trials used both the internet and mobile phones to deliver the intervention. Interventions included discussion groups, videos, information booklets, online counseling, interactive programs, drugs, role model stories, tailored advice and a request to change (or maintain) gum chewing behavior. The mean age of participants ranged from 18 years (a binge drinking intervention) to 56 years (cholesterol lowering information) (see online supplementary appendix 5). The smallest trial randomized 54 participants and the largest randomized As with fully online trials, the methodological quality varied (table 1, see online supplementary appendix 6). Reports of 15 trials described an adequate process to generate the allocation schedule: 14 of these used random allocation and one used alternation. As online randomization was not required for primarily online trials, allocation concealment cannot be automatically assumed. Reports of five trials described allocation concealment, and we assumed that an additional seven trials concealed the allocation sequence, as an online randomization process was used. As with fully online trials, levels of blinding were not well described. Reports of 14 studies described the blinding status of participants (five studies blinded participants, nine did not blind participants). A further seven studies were assumed to have not blinded participants, as control group participants were allocated to a waiting list. Three studies described the blinding status of investigators. Intention to treat analysis was reported by three trials, and one trial reported that intention to treat analysis was not undertaken. Loss to follow-up ranged from 8% to 83% (mean=36%). Loss to follow-up was slightly lower (mean=30%) in the 14 trials that described alternate methods to contact participants who did not complete outcome data via the internet compared to those trials that did not describe alternate methods of contact (mean=42%), although this difference was not significant (t 25 =1.51, p=0.14). Seven trials analyzed >85% of randomized participants (five of which used alternate methods to contact participants). The methodological quality of primarily online trials is summarized in table 1 and detailed further in online supplementary appendix 6.
DISCUSSION
Summary of results
It is possible but perhaps difficult to test the effectiveness of health interventions rigorously with randomized trials conducted over the internet. We identified 50 trials conducted fully or primarily over the internet. It appears that the first of these was conducted in 2000. A diverse spectrum of interventions have been evaluated, many of which are internet-based interventions. Trials have ranged in size and many have recruited participants from around the world. One trial randomized 7935 participants from 73 countries. Methodological quality was variable and generally poorly reported. Only a small number of trials were exposed to little risk of bias, but most had substantial methodological shortcomings and the methods were often poorly reported. Loss to follow-up was a particular issue for the majority of trials.
Range of interventions
Internet-based trials are particularly suited to self-administered interventions (eg, stretching) and trials in which the primary outcome is self-reported (eg, muscle soreness). 5 Internet-based trials are not appropriate when the intervention must be delivered in person (eg, surgery) or when there is the possibility of serious adverse events and close, accurate monitoring of participants is required. Even when a trial is not internet-based, it may be possible and beneficial to utilize the internet for some aspects of these trials. For example, the recruitment of participants for conventional trials could be carried out via the internet.
Sample size and recruitment-large and fast
In some circumstances, internet-based trials may be more able to recruit effectively from the target population. A particular strength of internet trials is that they make it possible to obtain large samples quickly. Studies included in this review achieved recruitment rates ranging from six to 6480 potential participants per month (median=231, IQR=75-594 per month). Another strength of recruiting via the internet is that it enables sampling from populations that might otherwise not be accessible. Such populations may include rural men who have sex with men 17 19 and those with social anxiety disorders.
Online panels were used in six trials. Online panels or 'epanels' consist of panelists who have agreed to participate in online surveys. They are generally not paid for their involvement in these surveys but often receive points which can be used in loyalty programs or to receive credits to online gift stores. In one online panel, the database of potential participants was created using national demographic data, resulting in a database which was representative of the population. This panel was used to recruit parents of adolescent children. 22 Another panel used a variety of methods to ensure it had a large pool of members from traditionally hard-to-reach populations. This database was used to recruit English-speaking Hispanics living in America. 20 The trials which utilized epanels generally achieved high recruitment rates. However, in some of these trials, a large number of potential participants were invited in order to gain a sufficient sample size.
Multiple registrations
Multiple registrations are an issue in internet-based trials. Participants may register multiple times for a variety of reasons. Complete outcome data (attrition bias)
Summary n (%)-Primarily online randomized controlled trials N=27 15 (56) 12 (44) 5 (19) 3 (11) 7 (26) 0 (0) 0 (0) 9 (33) 1 (4) 20 (74) 12 (44) 15 (56) 13 (48) 23 (85) 0 (0) *Blinding status of participants reported. +: Method determined to be adequately administered (ie, bias minimized).
-: Method determined to be inadequately administered.
?: Unable to determine if method was adequately administered.
Some may do so inadvertently, thinking that their first registration did not work. Others may do so intentionally; for example, to receive incentives, if they are unhappy with their initial treatment allocation or if they want to increase their chances of receiving the intervention. It is also possible that participants could be registered by another person who thinks they should participate (eg, a smoking cessation trial).
Only one study included in this review 45 undertook validation checks of all participants using both electronic and human processes. Participants were flagged if they had the same IP address and/or a similar name, address, email address and telephone number. Participants who were suspected to have enrolled multiple times were sent an email requiring further verification (eg, by faxing a copy of their driver's license). As a result of this process, 20% of registered participants were excluded, as verification was not achieved.
Generalizability
The external validity of samples recruited via the internet is often criticized 57 58 and, in some cases, the criticism is warranted. The digital divide has been well described: internet users tend to be younger and more educated than those that do not use the internet. 59 However, as internet access around the world continues to increase, and with the rise of mobile internet devices and wireless technology, the sub-group of the population without internet access will continue to decrease.
Most trials attempted to demonstrate that their sample was representative of the population in which the intervention would be used and, in some cases, more generalizable than would have been possible if recruitment had occurred locally. Internet-based trials allow access to populations that are not accessible or difficult to access via conventional trial methods. The internet greatly increases geographic and demographic reach. Using traditional methods, it is difficult to reach participants who live in rural or isolated communities, participants who are well or participants who have a health condition that does not require medical attention. The internet provides a mechanism for researchers to reach these participants. This is particularly the case in countries where internet penetration is high.
Depending on the context, samples obtained using internetbased sampling will be more or less representative of the target populations than conventional trials. For example, they may be more representative because they can sample subsets of a population that are unable to travel to a clinic, but they may be less representative because they can only sample people with internet access.
Self-selection of participants into any trial is an important issue as, in most cases, self-selection of participants will result in bias being introduced. In conventional trials, although the investigators find potential participants and invite them to participate in the study, the participants have the right to choose whether or not they participate. In internet-based trials, there is generally no formal invitation into the study-the participants tend to 'invite' themselves. In both cases, bias is introduced, as neither sample is entirely representative of the population from which they are drawn.
In an attempt to minimize self-selection bias, conventional trial methods may be preferred for trials of clinical populations. Internet-based trials may be more suited for populations that do not often attend clinics.
Methodological quality
The issues that impact upon methodological quality of internetbased trials are no different to issues that affect all trials, regardless of the way in which participants are recruited, the intervention is delivered or outcomes are collected. What does differ is the way in which researchers address these issues and attempt to minimize the bias introduced as a result of these issues.
It is difficult to draw conclusions about the methodological quality of internet-based RCTs, primarily due to inadequate reporting in published papers, particularly with regards to analysis by intention to treat. This issue is no different than conventional trials, and all reports of RCTs should conform to the Consolidated Standards of Reporting Trials recommendations 60 regardless of the medium used to conduct the trial.
Sources of internal bias: randomization
Most internet-based randomized trials appear to have used adequate processes to generate the randomization schedule. Some trials used alternation. The use of alternation is less likely to cause bias in internet-based trials than in conventional trials due to the nature in which participants are recruited. Nonetheless, there can be little justification for using alternation. Whenever it is ethically possible to allocate participants using alternation, it is also possible to allocate participants using truly random procedures.
Sources of internal bias: allocation concealment
One of the benefits of using the web server to randomize participants automatically is that this conceals allocation from investigators. Although there is no reason why allocation concealment cannot be achieved for all internet-based trials, we were unable to determine what proportion of primarily online trials used concealed allocation due to poor reporting.
Sources of internal bias: blinding
As with conventional trials, researchers conducting internetbased trials can blind participants and investigators in an attempt to minimize biased outcome reporting, contamination and co-intervention. In internet-based RCTs, blinding of participants is particularly important, as outcomes are predominantly self-reported. Also, there can be little oversight of participants by investigators and health care professionals, so in some trials, the potential for contamination and co-intervention may be high. Blinding of participants in internet-based trials can be implemented in several ways, including the use of a placebo intervention or a standard intervention. For example, in drug trials, 5 participants can be sent either the active drug or the placebo drug. In trials of a web-based intervention, participants in the control group can be given access to a standard website while participants in the intervention group can be given access to a more comprehensive interactive website. 29 Only 11 of the included 50 trials attempted to blind participants, one of which evaluated the success of blinding by measuring participants' belief about treatment allocation.
Blinding of investigators is less important in internet-based trials than in conventional trials due to the limited contact that investigators have with participants. In fully automated trials where there is no personal contact between investigators and participants, blinding of investigators is probably unnecessary. However, if members of the research team do have contact with research participants, particularly if researchers are attempting to collect outcome data from participants who have failed to complete data collection via the internet, steps should be taken to blind the researchers involved.
Sources of internal bias: intention to treat analysis
Only six of the 50 trials reported analysis by intention to treat (analyzing participants in the group to which they were randomized, regardless of their exposure to the intervention). A large number of the trials reported conducting an analysis with imputed data for those participants who failed to provide outcome data. This was often, incorrectly, referred to as an intention to treat analysis. Methods of imputing data rely on assumptions regarding the reasons for the data being missing. Data can be assumed to be missing completely at random (the reason for being missing is unrelated to any observed or unobserved patient characteristic), missing at random (the reason for being missing is related to observed characteristics) and missing not at random (the reason for being missing is related to unobserved characteristics of the patient such as the outcome of interest). Contemporary imputation methods can remove attrition bias if certain assumptions (such as the assumption of missing at random) are met. 61 However, as the data are missing, it is often not possible to determine which of the assumptions are correct using the data that are available. 62 
Sources of internal bias: follow-up
Retention of participants is potentially problematic in all trials but is particularly likely to be a problem in internet-based trials. Few fully online trials have successfully followed up a sufficient proportion of participants to avoid bias, with only four of the 23 trials following up >85% of randomized participants. The average rate of follow-up for fully online trials was 53%.
Several of the primarily online trials utilized non-internet-based methods, including telephone and post, to follow participants up. This had varying success, with rates of follow-up ranging from 38% to 93%. There is good evidence that a range of strategies can improve follow-up in conventional trials 63 64 but, to our knowledge, the effects of these strategies have not yet been investigated in the context of internet-based trials.
Sources of internal bias: overall
Overall, of the 50 trials, only one trial 56 adequately met the five standards (described above), in which the internal biases of the trial are minimized. One trial 8 met four of the standards. Due to the nature of the intervention (stretching), blinding was not possible in this trial. For the remaining nine trials with adequate follow-up, 17 23 30 38 42 43 46 48 51 we were unable to conclude how methodologically sound these trials were, due to poor reporting.
Use of internet-based trials
Researchers carrying out internet-based trials have limited control over the delivery of the intervention and the measurement of outcomes. This makes internet-based trials more suited to pragmatic trials than explanatory trials. A pragmatic trial is primarily used when researchers wish to evaluate the effects of an intervention under the usual conditions in which it is to be applied. On the other hand, an explanatory trial aims to determine the effectiveness of the intervention under ideal circumstances. 65 Very few trials would be classified as purely pragmatic or purely explanatory, and fall into a continuum somewhere between these two extremes. 66 
Strengths and limitations of this review
We attempted to identify all fully and primarily online RCTs. As there is no published literature on what constitutes a fully or primarily online trial, we set the definitions based on key features of RCTs. As such, some trials have been excluded that others may have included. For example, one trial evaluating the effect of various types of baby bottles on infant colic was excluded, as it allowed some women who did not have access to the internet to complete the study by mail and telephone. 67 We only searched the Cochrane Central Register of Controlled Trials. Before making this decision, we conducted a check by searching, for the year 2006, three other databases (Medline, Embase and Cinahl) and compared the results with those obtained by searching only the Cochrane database. Three additional articles were found in the combined databases. However, these three articles would have been identified from the reference lists of papers included in the search of the Cochrane database. As such, we are confident that the Cochrane database of RCTs contains details of most published fully online and primarily online RCTs.
CONCLUSION
It is theoretically possible to test the effectiveness of health interventions rigorously with randomized trials conducted partly or wholly over the internet. A pragmatic evaluation of the intervention is more appropriate, given the limited control the investigators have over the intervention delivery and outcome measurement. There are serious problems with the quality of reporting of internet-based trials. The main limitation of internet-based trials is that they typically experience high rates of loss to follow-up. To improve the internal validity of trials, researchers must emphasize to potential participants the importance of participating fully in trials. Where possible, multiple methods should be used to follow participants up. Further research is required to determine the best methods to encourage greater retention of participants in internet-based trials. In the meantime, researchers conducting internet-based trials need to understand the importance of using Consolidated Standards of Reporting Trials guidelines when reporting their results.
